Synaptic plasticity is mediated by the dynamic localization of proteins to and from synapses. This is controlled, in part, through activity-induced palmitoylation of synaptic proteins. Here we report that the ability of the palmitoyl-acyl transferase, DHHC5, to palmitoylate substrates in an activity-dependent manner is dependent on changes in its subcellular localization. Under basal conditions, DHHC5 is bound to PSD-95 and Fyn kinase, and is stabilized at the synaptic membrane through Fyn-mediated phosphorylation of a tyrosine residue within the endocytic motif of DHHC5. In contrast, DHHC5's substrate, d-catenin, is highly localized to dendritic shafts, resulting in the segregation of the enzyme/substrate pair. Neuronal activity disrupts DHHC5/PSD-95/Fyn kinase complexes, enhancing DHHC5 endocytosis, its translocation to dendritic shafts and its association with d-catenin. Following DHHC5-mediated palmitoylation of d-catenin, DHHC5 and d-catenin are trafficked together back into spines where d-catenin increases cadherin stabilization and recruitment of AMPA receptors to the synaptic membrane.
S ynapses of the central nervous system are highly plastic structures that are modified in response to fluctuations in neuronal activity. Changes in the number, size and composition of synapses have been observed following alterations in neuronal activity in vitro [1] [2] [3] and following the learning of specific tasks in vivo 4, 5 . Thus, elucidating the molecular mechanisms underlying activity-mediated trafficking of proteins to and from synaptic compartments is essential for our understanding of brain function.
Palmitoylation is a reversible posttranslational modification involving the addition of palmitate onto cysteine residues that facilitates the trafficking of proteins to cell membranes 6 . Protein palmitoylation is mediated by a family of multi-pass, transmembrane palmitoyl-acyl transferase (PAT) enzymes that contain a zinc-finger domain and a conserved Asp-His-His-Cys (DHHC, also called zDHHC) motif that is required for palmitoyltransferase activity 7 . In neurons, DHHC proteins are localized to the Golgi, vesicular or plasma membranes, and palmitate cycling on substrate proteins can be constitutive or dynamically regulated by cell signals 8, 9 . Recent work has demonstrated that a number of synaptic proteins are substrates for palmitoylation, and that activity regulates the palmitoylation and trafficking of these proteins 7, 10 .
DHHC5 is localized to postsynaptic compartments 11 and can palmitoylate Grip1b 11 , d-catenin 12 , Flotillin-2 (ref. 13) , somatostatin receptor 5 (ref. 14) and Ankyrin-G 15 . DHHC5-mediated palmitoylation of Grip1b and d-catenin increases synaptic delivery and surface stabilization of a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptors (AMPARs), respectively, implicating DHHC5 in the regulation of synapse efficacy 11, 12 .
The importance of DHHC5 in synaptic regulation is supported by impaired synapse plasticity and performance on learning and memory tasks in mice homozygous for a hypomorphic allele of the ZDHHC5 gene 16 . Genome-wide association studies have reported the occurrence of mutations within a region of chromosome 11 containing ZDHHC5 in patients with bipolar disorders and schizophrenia 17, 18 . Moreover, a de novo nonsense mutation in the DHHC5 protein has also recently been reported in schizophrenic patients 19 , indicating a possible involvement of DHHC5 in these neuropsychiatric disorders.
We have previously shown that activity increases DHHC5-mediated palmitoylation of d-catenin 12 . Here we demonstrate that this is not due to alterations in the enzymatic activity of DHHC5 but rather its subcellular localization. Under basal conditions, DHHC5 is stabilized at the synaptic membrane through its association with PSD-95 and Fyn kinase. This occurs through Fyn-mediated phosphorylation of DHHC5 at tyrosine 533 and the inhibition of DHHC5 endocytosis. DHHC5 is subsequently stabilized at synapses and sequestered from its substrate, d-catenin, which is primarily localized to dendritic shafts. Neuronal activity disrupts the DHHC5/PSD-95/Fyn kinase complex and enhances the internalization and trafficking of DHHC5 from spines to dendritic shafts where it binds and palmitoylates d-catenin. We demonstrate that DHHC5 is mobilized on recycling endosomes (REs) and is subsequently re-trafficked back into spine synapses together with d-catenin. Our findings demonstrate that activity-dependent regulation of DHHC protein trafficking provides a mechanism for the local control of protein palmitoylation and delivery to synapses.
Results

Neuronal activity does not alter DHHC5 autopalmitoylation.
We have previously shown that neuronal activity enhances DHHC5-mediated palmitoylation of its substrate, d-catenin 12 .
To further understand the molecular mechanism underlying this process, we first determined whether activity enhances protein palmitoylation by increasing the enzymatic activity of DHHC5. Recent analysis of DHHC PATs indicates that protein S-palmitoylation proceeds by a two-step mechanism: the initial autopalmitoylation of a DHHC cysteine side chain followed by the transfer of palmitate to the substrate cysteine 7, 20 . Therefore, the autopalmitoylation of DHHC proteins can be used as a surrogate measure of enzymatic activity 8, 20 . We examined whether neuronal activity enhances the palmitoylation of DHHC5 using the acyl-biotin exchange (ABE) assay, which exchanges palmitoyl modifications with biotin and can therefore determine bulk palmitoylation levels 10, 21 (Fig. 1a) . Exclusion of hydroxylamine (NH 2 OH) was used as a control for the specificity of biotin labelling, as it is essential for the cleavage of palmitate from cysteines 11, 12, 22 . Fourteen days in vitro (DIV) hippocampal neurons were stimulated using a standard chemical long-term potentiation (cLTP) protocol involving a 3-min treatment with glycine/bicucculine that selectively activates synaptic N-methyl-Daspartate receptors (NMDARs). This has been shown to recruit AMPARs to the synaptic membrane and enhance synapse strength in both dissociated hippocampal cultures 2, 12, 23, 24 and slices 25 . There was no significant difference in the palmitoylation of DHHC5 10 and 40 min after stimulation with glycine, time points associated with activity-induced palmitoylation of dcatenin by DHHC5 (ref. 12 and Fig. 1a,b) , suggesting that activity does not regulate the enzymatic function of DHHC5.
Neuronal activity regulates DHHC5 subcellular localization. We next examined whether neuronal activity controls the palmitoylation of substrates by modifying the subcellular localization of DHHC enzymes. Under basal conditions, 56.9 ± 5.8% of endogenous DHHC5 co-localized with the postsynaptic protein PSD-95 (Fig. 1c ,f, n ¼ 14 cells), a faithful marker of excitatory synapses ( Supplementary Fig. 1a,b) . DHHC5 (31.18±2.53%) co-localized with the inhibitory postsynaptic protein gephyrin (Fig. 1h , n ¼ 32 cells), a faithful marker of inhibitory synapses ( Supplementary Fig. 1c,d ). Together, this indicates that B88% of DHHC5 is localized to synapses. Furthermore, 79.73±4.92% of excitatory synapses and 46.78 ± 1.77% of inhibitory synapses co-localize with DHHC5, indicating that the majority of synapses contain DHHC5.
We stimulated 14 DIV neurons using cLTP 2 or chemical longterm depression (cLTD) 26 protocols in which cells were treated for 3 min with glycine/bicucculine or glycine/NMDA, respectively, and then returned to basal media for 40 min. In contrast to cLTP, cLTD activates both synaptic and extrasynaptic NMDARs, resulting in AMPAR internalization and synaptic depression 26, 27 . The efficacy of these protocols in our cells were confirmed by determining the integrated density (IntDen; product of area and mean grey value) and density of PSD-95 puncta, which was significantly increased following cLTP and decreased following cLTD relative to unstimulated control cells (ctrl), in agreement with previous observations (Fig. 1d and Supplementary Fig. 1e ) 2, 26, 28 . No changes were observed in the IntDen or density of gephyrin following cLTP or cLTD ( Fig. 1e and Supplementary Fig. 1f) . Interestingly, the IntDen of DHHC5 within spines was significantly increased 40 min following cLTP but not cLTD (in AU: -Gly, 14.51 ± 0.46, n ¼ 38 cells; þ Gly, 19.02±0.86, n ¼ 35; þ Gly/NMDA, 15.18±1.07, n ¼ 14; Po0.001, F 2,84 ¼ 12.99, one-way analysis of variance).
DHHC5/PSD-95 co-localization also increased 40 min after cLTP (Fig. 1f,g ), whereas DHHC5/gephyrin co-localization was unaffected (Fig. 1h,i) . Interestingly, cLTD did not affect DHHC5 co-localization with either synaptic marker (Fig. 1f-i) . Together, this indicates that cLTP increases the recruitment of DHHC5 specifically to excitatory spine synapses, whereas cLTD does not affect DHHC5 localization at either excitatory or inhibitory synapses.
Activity-induced trafficking of DHHC5. We next focused on how activity-mediated translocation of DHHC5 impacts its ability to palmitoylate its synaptic substrates. As Grip1b palmitoylation is not activity regulated 8, 11 , we focused on d-catenin, which is palmitoylated by DHHC5 following activity 12 . Under basal conditions, 55.79±2.48% of DHHC5 and 28.57±1.31% of green fluorescent protein (GFP)-d-catenin are localized to spine synapses (GFP-d-catenin was validated in ref. 12 ). Only 27.31 ± 0.05% of GFP-d-catenin co-localized with DHHC5, with virtually all co-localization occurring at spine synapses (93.38 ± 6.34% DHHC5/d-catenin co-localized with PSD-95; Fig. 1j , n ¼ 45 cells). This demonstrates that DHHC5 and d-catenin are largely localized to separate compartments with a fraction of DHHC5 and d-catenin localized to spines, in accordance with the low level of d-catenin palmitoylation and spine localization under basal conditions 12 .
To track the localization of both d-catenin and DHHC5 following activity, we transfected cells with GFP-DHHC5 and red fluorescent protein (RFP)-d-catenin. We first confirmed that GFP-DHHC5 is a faithful marker of DHHC5 by comparing its localization at synapses with that of endogenous DHHC5 (Fig. 2a) ( Fig. 1c ; P ¼ 0.343, Student's t-test). GFP-DHHC5 puncta were localized to spine heads before cLTP treatment (now indicated in the figures as the absence or the presence of glycine treatment; ± Gly), translocated out of spines 2-3 min after stimulation and then trafficked back into spines 4 min after stimulation with significantly more DHHC5 localized to spines 5-20 min after stimulation (Fig. 2b,c) . Stimulation of cells in the presence of the NMDAR blocker, DL-2-amino-5-phosphonopentanoic acid (AP5) (50 mM), abolished glycine-mediated translocation of GFP-DHHC5 (Fig. 2c) . Masks of spines and dendritic shafts were made to quantify all data (Fig. 2d) . As previously shown, expressing GFP-DHHC5 in neurons increased the localization of d-catenin to spines even under basal conditions resulting in the localization of RFP-d-catenin in both spines and shafts (Fig. 2e) 12 . Two to three minutes after stimulation, GFP-DHHC5 was significantly less co-localized with wild-type (WT) RFP-d-catenin within spines and the two were significantly more co-localized in dendritic shafts (Fig. 2e,f) . GFP-DHHC5 translocated back into spines together with RFP-dcatenin WT 3-20 min after stimulation (Fig. 2e,f) , resulting in the accumulation of WT RFP-d-catenin in spines and the depletion of RFP-d-catenin WT from shafts ( Fig. 2e,h ). In contrast, the palmitoylation-deficient RFP-d-catenin C960-1S mutant 12 was virtually absent from spines, even in cells expressing GFP-DHHC5, and did not translocate to spines post stimulation (Fig. 2g,h) . Moreover, the trafficking of GFP-DHHC5 was unaffected in cells expressing the d-catenin C960-1S mutant (Fig. 2g) , indicating that DHHC5 trafficking is independent of d-catenin. Together, this demonstrates that DHHC5 is driven out of spines following cLTP and then trafficked back into spines together with palmitoylated d-catenin.
Activity-induced endocytosis and trafficking of DHHC5. DHHC proteins have previously been shown to localize to both the cell and RE membranes 9, 11, 29, 30 . Using a biotinylation assay, we demonstrated that DHHC5 is localized to the cell surface under basal conditions (Fig. 3a,b) . cLTP stimulation decreased surface DHHC5 levels 3 min post stimulation, followed by the return of DHHC5 to the membrane 5-20 min after stimulation. DHHC5 surface levels were significantly enhanced compared with baseline 20 min after cLTP (Fig. 3a,b ), in accordance with the increased amount of DHHC5 observed in spine synapses 20 min after cLTP (Fig. 2f,g ). To confirm the specificity of DHHC5 biotinylation, we mutated the extracellular arginine residue to alanine (R182) and demonstrated a lack of biotinylation, despite its plasma membrane localization ( Supplementary Fig. 2a-c) . We also demonstrated that DHHC5 is directly biotinylated and not pulled down in a complex with other biotinylated proteins ( Supplementary Fig. 2d ).
As expected, cLTP enhanced surface GluA1 levels 22, 31 , whereas N-cadherin levels remained unchanged 12 (Fig. 3a,b) . We also observed an accumulation of d-catenin in the surface fraction 3-20 min post stimulation (Fig. 3a,b) . As d-catenin is a purely cytosolic protein, this result suggests that d-catenin is recruited to the membrane where it binds to and co-immunoprecipitates with biotinylated membrane proteins such as N-cadherin. This interpretation was further confirmed by repeating the assay in increasing salt concentrations ( Supplementary Fig. 2e-h ). As an imporant negative control, very little cytosolic b-actin was detected in the surface fraction ( Fig. 3a and Supplementary  Fig. 2e,i) .
The internalization and recycling of surface proteins is a highly regulated process that can be modified by synaptic activity through regulation of dendritic endosomal pathways [32] [33] [34] [35] . To determine whether DHHC5 is trafficked on REs, we determined DHHC5 localization with respect to the transferrin receptor (TfR) 1, 28, 33 . We demonstrated that 39.74 ± 2.07% of DHHC5 co-localized with TfR (n ¼ 38 cells), indicating that a fraction of endogenous DHHC5 is localized to dendritic REs under basal conditions (Fig. 3c) . Immediately following stimulation (0-1 min), TfR-mCherry (mCh) rapidly translocated into spines (Fig. 3d,e) and was significantly more co-localized with GFP-DHHC5 (Fig. 3d,f) . Two to three minutes after stimulation, both GFP-DHHC5 and TfR-mCh trafficked out of spines as observed by both a decrease in their IntDen (Fig. 3d,e) and their decreased co-localization within spines (Fig. 3d,f) . The two proteins trafficked together back into spines 3-4 min after stimulation as evidenced by their increased IntDen (Fig. 3d,e) and their increased co-localization within spines (Fig. 3d,f) . GFP-DHHC5 continued to accumulate in spines 5-20 min post stimulation, whereas TfR-mCh was trafficked out. TfR-positive REs have previously been shown to rapidly traffic in and out of spines following enhanced activity 1, 28 . Our results also demonstrate rapid translocation of TfR-positive REs and further demonstrate that endocytosed DHHC5 is transported to dendritic shafts on REs.
To confirm the transport of DHHC5 between plasma and RE membranes, we immunostained for VPS-35, a marker for the retromer complex that mediates trafficking of protein cargos between these two compartments 36 . DHHC5 (49.04 ± 3.76%) was localized to VPS-35 puncta in dendrites (spines plus shafts) ( Fig. 3g) , providing further support that DHHC5 traffics between the plasma membrane and REs.
DHHC5 binds d-catenin and regulates its synaptic delivery.
DHHC proteins have been shown to bind to their substrates during palmitoylation 11 ; hence, we determined whether the time course for DHHC5/d-catenin interactions corresponded with the translocation of d-catenin into spine synapses. We hypothesized that DHHC5 may bind to substrates, palmitoylate them and orchestrate their translocation from one subcellular compartment to the next. Under basal conditions, DHHC5-d-catenin interactions were low, in agreement with the low levels of palmitoylated d-catenin observed in the absence of activity 12 . DHHC5-d-catenin interactions were significantly increased 5-10 min after cLTP and then returned to basal levels by 15 min (Fig. 4a, To determine how DHHC5 regulates the trafficking of d-catenin into spines, we examined how these two proteins interact. We demonstrated that the palmitoylation-defective C960-1S d-catenin mutant does not bind to DHHC5 (Fig. 4e,f) , suggesting that d-catenin binds to DHHC5 through an interface involving its palmitoylated cysteine residues. We also demonstrated that the ability of DHHC5 to bind to d-catenin does not depend on either its autopalmitoylation (as DHHS5 can bind to d-catenin WT) (Fig. 4e,f) or its PDZ-binding domain (as DHHC5 DPDZb can bind to d-catenin WT) (Fig. 4g,h ). In accordance with previous reports showing that DHHC5 binds to PSD-95 via PDZ interactions 16 , DHHC5 DPDZb was unable to bind to PSD-95 ( Fig. 4g,h ). This demonstrates that DHHC5 binds to d-catenin and PSD-95 through independent mechanisms. Interestingly, the palmitoylation of d-catenin and not its ability to bind to DHHC5 is sufficient for its translocation of d-catenin to spines. Indeed, although overexpression of DHHC5 WT increased the recruitment of d-catenin into spines, overexpression of DHHS5 that binds but does not palmitoylate d-catenin 12 does not (Fig. 4i,j) . This is consistent with our observation that palmitoylation-deficient d-catenin C960-1S is not recruited to spines following activity 12 . Together, this suggests that the transient association of DHHC5 and d-catenin within dendritic shafts after activity is insufficient for its translocation to spines. Instead, we propose that palmitoylation of d-catenin tethers it to vesicular membranes such as REs for its translocation into spines.
Fyn phosphorylates and stabilizes DHHC5 at the cell surface. Although PSD-95 is not a substrate for DHHC5 (refs 16,37) , it is among its most frequently identified binding partners 16 . As DHHC5 and PSD-95 are transiently dissociated following activity, we hypothesized that PSD-95 binding stabilizes DHHC5 at synapses. PSD-95 is known to bind to the membrane-associated, Src-family tyrosine kinase Fyn 38 , recruiting it to the proximity of GluN2B-NMDARs to enhance Fyn binding and Fyn-mediated phosphorylation of GluN2B 38, 39 . This results in enhanced stability of GluN2B-NMDARs at the synaptic membrane 40 . We therefore determined whether PSD-95 plays a similar role in the surface stabilization of DHHC5. Specifically, we determined whether PSD-95 stabilizes DHHC5 at the cell surface by recruiting Fyn, enhancing Fyn-mediated We first demonstrated that endogenous DHHC5 binds to Fyn kinase in hippocampal neurons and is tyrosine phosphorylated (Fig. 5a,b and Supplementary Fig. 3a,b) . As increased neuronal activity transiently decreases DHHC5 and PSD-95 interactions, we next examined the effects of activity on DHHC5 phosphorylation and its association with Fyn. phosphorylation was significantly decreased 0-5 min after cLTP and DHHC5/Fyn interactions significantly decreased 3-5 min after cLTP stimulation. In conjunction with this, we observed an increase in DHHC5 association with the m-subunit of the clathrin adaptor protein AP2 (AP2m) 0-3 min after cLTP (Fig. 5a,b ), in agreement with the rapid endocytosis of DHHC5 (Fig. 3a,d) . Notably, DHHC5/Fyn interactions and Fyn tyrosine phosphorylation was much higher than basal levels 20 min after cLTP, indicating a more long-term change in the localization of these proteins after activity (Fig. 5a,b and Supplementary Fig. 3a,b) . To determine whether cLTP decreases Fyn activity as well as its association with DHHC5, we examined Fyn kinase activity as assessed by its autophosphorylation at tyrosine 420 (Y420). Indeed, autophosphorylation of this tyrosine domain, which resides within the activation loop of the Fyn kinase domain, maintains the protein in an active state 39 . The striatal enriched tyrosine phosphatase 61-kDa variant (STEP61) has been shown to decrease Fyn kinase activity by dephosphoylating Fyn Y420 (ref. 41) . As STEP61 activity is increased following NMDAR stimulation 42 , we monitored STEP61/Fyn interactions as well as Fyn phosphorylation using an antibody that recognizes non-phosphorylated Y420 Fyn (Y420-Fyn). We observed a transient increase in STEP61/Fyn interactions and the fraction of non-phosphorylated Y420-Fyn 0-3 min following cLTP (Fig. 5c,d ). Together, these results demonstrate that activity decreases the association of Fyn and DHHC5, and the phosphorylation of DHHC5 through STEP61-mediated dephosphorylation of Fyn, and the subsequent attenuation of Fyn activity. This primes DHHC5 for engaging with the endocytosis machinery.
To determine whether PSD-95 regulates Fyn/DHHC5 interactions, HEK293T cells were transfected with Fyn plus either DHHC5 WT or DHHC5 DPDZb in the presence or absence of PSD-95. Although Fyn binds to DHHC5 WT in the absence of PSD-95, this association is increased 2.5-fold in the presence of PSD-95 (Fig. 5e,f) . PSD-95 did not enhance the association between Fyn and DHHC5 DPDZb, indicating that PSD-95 binds to DHHC5 in a PDZ-dependent manner, to increase DHHC5 association with Fyn (Fig. 5e,f) . Interestingly, enhanced Fyn association was correlated with increased DHHC5 phosphorylation (Fig. 5e,f) .
Expression of Fyn in HEK293T cells significantly increased the surface fraction of DHHC5 WT and DHHC5 DPDZb. Although expression of PSD-95 further increased the surface fraction of DHHC5 WT, it did not affect surface DHHC5 DPDZb levels (Fig. 5h,i) . Together, these results show that the assembly of a PSD-95/Fyn/DHHC5 complex promotes DHHC5 phosphorylation and surface localization.
Fyn inhibits the association of DHHC5 with endocytic proteins. To further understand the mechanism by which Fyn stabilizes DHHC5, we sought to identify how DHHC5 binds to Fyn, the site of tyrosine phosphorylation and the function of DHHC5 phosphorylation. Fyn interacts with PSD-95 through its Src homology (SH)-2 domain 38 , leaving its SH3 domain available for additional protein interactions at the postsynaptic density 39 . Modular recognition sequences for SH3 domains predominantly consist of poly-proline tracts flanked by basic residues [43] [44] [45] . We identified a potential SH3-binding motif of Arg-Leu-Leu-Pro-Thr-Gly-Pro (RLLPTGP) within the carboxy-terminal domain of DHHC5 (residues 517-523; Fig. 6a ) and predicted the core prolines 520 and 523 would be the most critical for SH3 binding 43 . To examine this, prolines 520 and 523 were mutated to alanines (P520,3A; Fig. 6a ) and assayed their ability to bind Fyn in HEK293T cells (Fig. 6b,c) . DHHC5 P520,3A did not bind Fyn and was not tyrosine (Fig. 6b,d) .
Src family kinases commonly phosphorylate tyrosines within the immediate vicinity of their substrates' SH3-rocognition sequences 39, 44 . Tyrosine 533 (Y533), 10aa from the Fyn binding site, is a highly predicted phosphorylation site (NetPhos 2.0; ref. 46 ) and has previously been identified as a phosphorylated residue 47 . Although mutating Y533 to the phospho-mimetic glutamic acid (Y533E) did not disrupt Fyn binding (Fig. 6b,c) , it did inhibit Fyn-mediated tyrosine phosphorylation (Fig. 6b,d) , demonstrating that Fyn phosphorylates DHHC5 at Y533.
Interestingly, Y533 lies within a canonical, tyrosine-based recognition motif for AP2m (Tyr-Asp-Asn-Leu; YDNL) [48] [49] [50] and phosphorylation of Y533 is predicted to inhibit AP2m binding [50] [51] [52] . We demonstrated that the association of AP2m and Y533E DHHC5 was significantly reduced compared with AP2m/DHHC5 WT interactions and was similar to AP2m/DHHC5 WT interactions in the presence of Fyn kinase (Fig. 6b,e) . This demonstrates that Fyn-binding and Fyn-mediated phosphorylation of DHHC5 at Y533 inhibits the association of DHHC5 with endocytic proteins and enhances its stability at the membrane.
We next demonstrated that the binding of DHHC5 to Fyn or AP2m mediates its localization at synapses or REs, respectively. GFP-DHHC5 WT (Fig. 6f,g ), similar to endogenous DHHC5 (Fig. 3c) , exhibited 40.71±2.95% co-localization with TfR and 61.84 ± 2.93% co-localization with VGlut1 (a faithful marker of excitatory synapses; Figs 1c,2a and 6f-h, and Supplementary  Fig. 1a,b) . Mutant DHHC5 that cannot bind to Fyn (P520,3A) co-localized more with TfR and less with VGlut1 ( Fig. 6f-h ). In contrast, mutant phospho-mimetic DHHC5 localized less with TfR and more with VGlut1 ( Fig. 6f-h ). Together, we show that phosphorylation of DHHC5 residue Y533 by Fyn kinase regulates the dynamic localization of DHHC5 between RE and synaptic compartments.
Fyn and PSD-95 stabilize DHHC5 in spine heads. We next determined the role of PSD-95 and Fyn in regulating the turnover and mobility of DHHC5 in postsynaptic spine heads using fluorescence recovery after photobleaching. GFP-DHHC5 clusters within dendritic spines were identified and a region of interest (ROI) of 1-mm diameter was photobleached using a 405-nm laser. The fluorescence recovery of GFP-DHHC5 within the photobleached ROI was determined over 5 min of time-lapse imaging. In control neurons expressing GFP-DHHC5 and DsRed, the fluorescence recovery of GFP-DHHC5 plateaued at 78.8 ± 5.4% (mean ± s.e.m.; Fig. 7a,b,g ), indicating that DHHC5 is highly mobile.
Expression of PSD-95 (Fig. 7a,b,g ) or Fyn kinase (Fig. 7c,d,g ) significantly stabilized DHHC5 WT within spines, as reflected in the overall reduction in GFP-DHHC5 fluorescence recovery. However, PSD-95 did not affect the mobility of DHHC5 DPDZb (Fig. 7a,b,g ) and Fyn kinase did not affect the mobility of DHHC5 P520,3A (Fig. 7e-g ), further confirming the requirement of the two domains for the formation of this tripartite complex. The phospho-mimetic DHHC5 Y533E mutant was significantly stabilized within spines compared with DHHC5 WT and was not further stabilized in the presence of Fyn (Fig. 7e-g ). This further confirms that phosphorylation of DHHC5 by Fyn controls its stability at synaptic compartments. Thus, PSD-95 and Fyn promote synaptic surface stabilization and limit the endocytic cycling of DHHC5 by enhancing the phosphorylation of DHHC5 at Y533. Furthermore, disruption of AP2m binding to DHHC5 in the Y533E mutant represses its endocytosis and cycling between cellular compartments.
DHHC5 endocytosis is essential for AMPAR surface insertion.
We have previously demonstrated that d-catenin palmitoylation is a key step in synapse strengthening and the stabilization of AMPARs at the synaptic membrane 12 . We therefore hypothesized that the cycling of DHHC5 from synaptic membranes to REs would regulate activity-induced recruitment of d-catenin to synapses and/or stabilization of AMPARs at the synaptic membrane. To test this, we knocked down DHHC5 at 10 DIV using a previously validated DHHC5 short hairpin RNA (shRNA) 11, 12 (Fig. 8a,b) and examined the localization of d-catenin at synapses, as demarcated by PSD-95 (Fig. 8c,d) . cLTP mediates the recruitment of d-catenin to PSD-95 clusters in control cells expressing shRNA-c but not in cells expressing DHHC5 shRNA (Fig. 8c,d) as seen previously 12 . Expression of DHHC5 WT* in knockdown cells restored cLTP-mediated trafficking of d-catenin to synapses, whereas expression of DHHC5 Y533E* did not (Fig. 8c,d ). This further demonstrates that the internalization and trafficking of DHHC5 to dendritic shafts is required for the recruitment of d-catenin to synapses. We next determined whether DHHC5 internalization is essential for activity-induced stabilization of AMPARs in the synaptic membrane. Surface GluA1 levels were measured using GluA1 tagged with super-ecliptic pHluorin (SEP-GluA1). Neurons expressing DHHC5 shRNA exhibited a significant reduction in the IntDen of SEP-GluA1 under basal conditions (Fig. 9a,b) , in agreement with the requirement of DHHC5 for Grip1b palmitoylation and constitutive synaptic delivery of AMPARs 11 . This reduction in surface GluA1 was rescued in shRNAexpressing neurons co-transfected with DHHC5 WT* and Y533E*, indicating that localization of DHHC5 to the synaptic membrane is sufficient to maintain AMPARs at the membrane under basal conditions (Fig. 9a,b) . This is consistent with a previous study demonstrating that localization of endogenous ARTICLE DHHC5 at the postsynaptic density constitutively delivers AMPARs to the synapse through Grip1b palmitoylation 11 . The IntDen of SEP-GluA1 was significantly increased 20 min after cLTP in shRNA-c control cells, relative to the same clusters before stimulation (Fig. 9a,b) , consistent with previous reports 12, 22, 28, 33 . This activity-induced increase in SEP-GluA1 clusters was abolished in shRNA-expressing neurons (Fig. 9a,b) , in agreement with the requirement for d-catenin palmitoylation in activity-induced surface localization of AMPARs 12 . DHHC5 WT*, but not Y533E*, rescued the knockdown phenotype (Fig. 9a,b) , indicating the requirement of DHHC5 internalization for the activity-mediated stabilization of AMPAR at the synapse. Together, our results demonstrate that the internalization of DHHC5 is essential for activity-induced recruitment of d-catenin into spines and the insertion and stabilization of AMPARs into the synaptic membrane. A model for our findings is shown in Fig. 10 . has been shown to be palmitoylated in an activity-dependent manner. This regulates their clustering and trafficking, thereby modulating the plasticity and function of synapses. However, to date the molecular mechanism(s) underlying activity-mediated palmitoylation of synaptic proteins remains largely unknown. Our study demonstrates that under basal conditions, PSD-95 and Fyn cooperatively stabilize DHHC5 at the synaptic membrane through Fyn-mediated phosphorylation of DHHC5 at tyrosine residue 533 and the subsequent inhibition of DHHC5 association with endocytic proteins (Fig. 10) . Increased synaptic activity decreases the tyrosine kinase activity of Fyn and decreases Fyn/ PSD-95 interactions with DHHC5, thereby enhancing the internalization of DHHC5 from the membrane and its trafficking to the dendritic shaft on REs. This activity-driven change in the subcellular localization of DHHC5 positions it closer to it substrate, d-catenin, resulting in the association of this enzyme/substrate pair and the palmitoylation of d-catenin. We postulate that palmitoylated d-catenin is tethered to the RE membrane and is trafficked into synaptic spines together with DHHC5 on these endosomes. Upon delivery of d-catenin to the synaptic membrane, it is able to associate with cadherin, stabilize surface cadherin and AMPARs, and increase synapse efficacy 12 . Together, this work demonstrates that synaptic activity can drive the trafficking of DHHC proteins between subcellular compartments and thereby alter their ability to associate with and palmitoylate downstream targets. DHHC proteins are localized to multiple subcellular domains, with the vast majority restricted to various endomembrane compartments 29 . However, DHHC2, DHHC5, DHHC8 and DHHC14 constitute a small subset of PATs that have been shown to localize to the plasma membrane and which contain signalling motifs in their C-terminal tails that control their recruitment to the cell surface 8, 15 . Further bioinformatic analysis of these PATS reveal tyrosine-based AP2m-binding motifs (YxxF; F denoting any hydrophobic amino acid) at their C termini ( Supplementary Fig. 4a-c) , suggesting turnover of these surface proteins. Indeed, DHHC2 has been shown to traffic to the synaptic membrane in response to neuronal activity 8, 9 and its tyrosine-based endocytosis motif may play a role in its dynamic membrane localization (Supplementary Fig. 4a) . Interestingly, sequence alignment of DHHC5 and DHHC8 revealed a conserved YDNL motif in close proximity to a poly-proline SH3-binding motif as well as di-leucine sites that can bind AP2 subunits 50 (Supplementary Fig. 4b ). The presence of tyrosinebased endocytosis signals in the C-terminal domains of these cell membrane-associated DHHCs suggests that the mechanism controlling the dynamic localization of DHHC5 in neurons may be conserved among multiple DHHCs. It is noteworthy that no endocytic signals are present in the C-terminal domain of DHHC3, a PAT known to localize to the somatic Golgi 8 ( Supplementary Fig. 4d ).
Fyn and other members of the Src family of tyrosine kinases are widely expressed in the hippocampus where they play critical modulatory roles in synaptic protein trafficking and synapse plasticity 39 . Fyn is essential for the induction of LTP and the acquisition of contextual and spatial memories 54, 55 . Fyn binds and phosphorylates the NMDAR subunit, GluN2B, at a tyrosine residue within an AP2m-binding site, thereby blocking GluN2B ). This in turn inhibits the palmitoylation of PSD-95 and decreases its stability at the postsynaptic density 56 . Indeed, this results in the transient removal of PSD-95 from spine heads 1-2 min after LTP stimulation, followed by its reinsertion into spines 5 min post stimulation 57 . We predict that activity-induced internalization of PSD-95 results in the dissolution of PSD-95/ Fyn complexes at the synapse, which in turn destabilizes the membrane localization of other synaptic proteins. Previous work has shown that neuronal activity results in the dissociation of the Fyn/PSD-95 complex from GluN2B-containing NMDARs 58 . This enhances the binding of endocytic proteins to GluN2B and results in the internalization of NMDARs 40, 58 . This is consistent with what we have observed for PSD-95, Fyn and DHHC5, highlighting mechanistic redundancies in activity-mediated regulation of synaptic proteins at the membrane. Together, we suggest that activity-induced influx of Ca 2 þ into spines may destabilize and remove PSD-95 from postsynaptic compartments, disassemble DHHC5/Fyn/PSD-95 complexes and result in the dephosphorylation and internalization of DHHC5.
The findings of this study demonstrate that synaptic activity can drive the trafficking of DHHC proteins between subcellular compartments and thereby alter their ability to associate with and differentially palmitoylate multiple downstream targets in various cellular regions. Palmitoylated Grip1b and d-catenin, both DHHC5 substrates, have distinct but cooperative roles in regulating the surface localization of AMPARs 11, 12 . Although the palmitoylation of d-catenin has been shown to be activity dependent 12 , Grip1b palmitoylation is not 8 . Here we suggest that the dynamic localization of DHHC5 provides an explanation for this apparent distinction between its two substrates. Under basal conditions, Grip1b is enriched in the postsynaptic compartment in the proximity of DHHC5 (ref. 11) and its palmitoylation by DHHC5 targets it to dendritic REs where it continually cycles between synaptic compartments and maintains AMPAR delivery 11, 59 . Consequently, shaft-localized d-catenin is sequestered from DHHC5 under basal conditions and exhibits low palmitoylation levels 12 . We propose that membraneassociated DHHC5 constitutively palmitoylates Grip1b to maintain synaptic AMPAR turnover, whereas enhanced activity results in the internalization of DHHC5, the palmitoylation and trafficking of d-catenin into spines and the subsequent recruitment and stabilization of GluA1 containing AMPARs at the membrane.
Several forms of synaptic plasticity involve the insertion or removal of proteins from postsynaptic compartments 1, 3, 24 . Although cLTP has been shown to mediate a relatively longterm recruitment 3 or expulsion 24 of proteins from postsynaptic compartments, other proteins such as PSD-95 and DHHC5 display more transient changes. Indeed, both PSD-95 and DHHC5 are removed from spines 1-2 min after stimulation and then trafficked back into spines 5 min after stimulation 57 . Our work demonstrates that DHHC5 is transported on REs. Interestingly, the trafficking of REs and their cargoes in and out of spine heads significantly increases following LTP 1, 22, 28 . This activity-induced RE trafficking delivers AMPARs to the synaptic membrane 1-3 min following cLTP 28, 34 and mediates AMPAR endocytosis 5 min following cLTD 32, 60 . Such dynamic activity-dependent molecular reorganization of the postsynaptic compartment via RE transport illustrates the complex choreography of protein trafficking required for synapse plasticity to occur. Interestingly, mutations in the genes encoding DHHC5 and its homologue DHHC8 have repeatedly been linked to schizophrenia and other neuropsychiatric disorders [17] [18] [19] [61] [62] [63] . Furthermore, both DHHC5 (ref. 16 ) and d-catenin 64, 65 have been implicated in higher-order brain functions such as learning and memory, raising the possibility that aberrant functioning of this enzymesubstrate pair may disrupt synapse plasticity and contribute to the pathology underlying these conditions. Our study demonstrates that the precise activity-regulated trafficking of DHHC5 is required for the synaptic targeting of d-catenin and may be an essential component of synapse function and learning and memory. GFP-d-catenin and RFP-d-catenin were generated as previously described 12 . TfR-mCherry was a kind gift from Dr Michael Silverman (Simon Fraser University, Vancouver, BC). HA-DHHC5, HA-DHHS5, DHHC5-targeting and control shRNAs were kind gifts from Dr Richard Huganir (Johns Hopkins University, Balitmore, MD). The GFP-DHHC5 construct was generated by PCR of DHHC5 from HA-DHHC5 (accession number: NM_00139388) using an EcoRI-tagged forward primer (5 0 -CCGGCGAATTCTATGCCCGCAGAGTCTG-3 0 ) and a BamHI-tagged reverse primer (5 0 -CGAGATTTCTGTGTGAGGATCCCCGG C-3 0 ), and pasted into pEGFP-C1 using EcoRI and BamHI sites. HA-DHHC5 that was resistant to shRNA (denoted by *) was generated as previously described 12 , and P520,3A and Y533E point mutations were generated by site-directed mutagenesis using the GFP-DHHC5, HA-DHHC5 and HA-DHHC5* constructs as templates. Fyn kinase was generated by Dr Filippo Giancotti (Sloan Kettering Institute, New York, NY) and obtained from Addgene (number 16032), and SEP-GluA1 was generated by Dr Roberto Malinow (University of California, San Diego) and also obtained from Addgene (number 24000).
Methods
Cell cultures Primary hippocampal neurons. Hippocampi from embryonic day 18 (E18) Sprague-Dawley rats of either sex were prepared as previously described 66 and plated at a density of 130 cells per mm 2 . A NeuroCult SM1 supplement (Stem Cell Technologies 05711) was used in the place of B27 in maintenance media. Neurons were transfected with Lipofectamine 2000 (Invitrogen) at 9-10 DIV, according to the manufacturer's recommendations, and used for experiments at 12-16 DIV.
HEK cells. HEK293T cells were transfected using polyethylenimine (Sigma) as previously described 12 , in a 3:1 ratio with the total plasmid DNA to be transfected. 293T cells were transfected at 70%-80% confluency and incubated for 24-48 h before harvesting for biochemistry.
Neuronal activation. Neuronal activity was modified using previously described cLTP or chemical LTD protocols 1, 2, 12, 26 . Briefly, maintenance media was replaced with an extracellular recording solution containing the following: 125 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 0 mM MgCl 2 , 5 mM HEPES, 33 mM D-glucose and supplemented with 0.5 mM tetrodotoxin, 20 mM Bicuculline pH 7.3, 290 mOsm l À 1 , for 10-15 min. For cLTP, this media was supplemented with 200 mM glycine or 200 mM glycine plus 50 mM DL-2-Amino-5-phosphonopentanoic acid (AP5) (Sigma) for 3 min. For cLTD, the media was supplemented with 20 mM NMDA (Sigma) plus 10 mM glycine for 3 min. The solution was then replaced with fresh extracellular recording solution (containing 0 mM MgCl 2 for LTP or 2 mM MgCl 2 for LTD) for the indicated times before experimentation. Cells were continually maintained at 37°C for the duration of activity stimulation. ABE assay. ABE assays were performed as previously described 21 . Briefly, cells were lysed in lysis buffer supplemented with 50 mM N-ethylmaleimide and target proteins immobilized overnight on protein A/G-conjugated sepharose beads by IP at 4°C. Immunocomplexes were then washed and treated with lysis buffer at pH 7.2 and supplemented with 1 M hydroxylamine (NH 2 OH) for 1 h at room temperature (RT), then washed and treated with lysis buffer at pH 6.2 and supplemented with 1 mM biotin-BMCC (Thermo Scientific) for 1 h at 4°C. Target proteins were then eluted in a 2 Â loading buffer containing 5 mM dithiothreitol and palmitoylated proteins analysed by immunoblotting.
Biotinylation assay. Biotinylation of all surface proteins was performed as previously described 67 . Briefly, cells were washed in ice-cold PBS supplemented with 1 mM MgCl 2 and 0.1 mM CaCl 2 (PBS-CM) and treated with PBS-CM supplemented with 0.5 mg ml À 1 of Sulfo-NHS-SS-biotin (Thermo Scientific) for 30 min at 4°C for the duration of the reaction. Cells were then washed once with PBS-CM, then twice with PBS-CM supplemented with 20 mM glycine for 7 min each at 4°C. Cells were then lysed in lysis buffer of PBS containing 1% IGEPAL CA-630 detergent at 4°C and supplemented with the inhibitors described above. Surface proteins were then immobilized on Neutravidin agarose beads (Thermo Scientific) overnight at 4°C, washed five times in standard lysis buffer containing 137 mM NaCl (or titrated to higher concentrations, where indicated), eluted in SDS sample buffer containing 100 mM dithiothreitol (or in the absence of any reducing agents, where indicated) and analysed by immunoblotting. Fifty per cent of wholecell lysates (25-50 mg) were loaded as input samples.
Immunoprecipitation. IP assays were performed as previously described 12 . Briefly, lysates were incubated overnight at 4°C with the indicated antibody. Fifty microlitres of protein A/G-Sepharose (GE Healthcare, Chicago, IL) was added to the lysates and the bead-bound immunocomplexes were recovered after 2 h, washed four times with lysis buffer, solubilized with loading buffer, separated by SDS-PAGE and analysed by immunoblotting with the indicated antibodies. Five per cent of whole-cell lysates were loaded as input samples.
Western blot analysis. Western blotting was performed as previously described 12 . Brain tissue, primary hippocampal neurons and 293T cells were homogenized in an ice-cold lysis buffer containing 1% IGEPAL CA-630 (Sigma), 0.5% Triton X-100, 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 10% glycerol and supplemented with phenylmethanesulfonyl fluoride solution and a protease inhibitor cocktail with EDTA (Roche). Whole-cell lysates were subjected to further mechanical disruption by passage through a 26-gauge syringe 5-6 times. Lyates were cleared by centrifugation at 16,100g for 30 min at 4°C and the solubilized fraction of protein was used for all biochemical experiments. Lysis buffer used in experiments requiring detection of phospho-tyrosine was additionally supplemented with a phosphatase inhibitor cocktail (PhosSTOP, Roche; 04906845001). Proteins were separated by SDS-PAGE, analysed by immunoblotting with the indicated antibodies and visualized using enhanced chemiluminescence (Pierce Biotechnology) on a Bio-Rad Versadoc 4000 (Bio-Rad Laboratories). Blots were quantified using Image J software. Full-length blots with molecular weight markers, denoting kDa, are shown in Supplementary Fig. 5 .
Immunocytochemistry. Immunocytochemistry experiments were performed as previously reported 12 . Briefly, cells were fixed in a 4% paraformaldehyde/sucrose solution pre-warmed to 37°C for 10 min, then washed in PBS, treated with 0.1% Triton X-100/PBS for 10 min at RT, washed again with PBS and then blocked with 10% goat serum (GS)/PBS for 1 h at RT. Following blocking, cells were incubated with primary antibodies in 0.1% GS/PBS overnight at 4°C. Subsequently, cells were washed in PBS three times for 10 min each, incubated in secondary antibodies in 0.1% GS/PBS for 1 h at RT, washed again in PBS three times and mounted on microscope slides in Prolong Gold (Molecular Probes).
Confocal imaging. All neurons were imaged using an Olympus Fluoview 1000 confocal microscope ( Â 60/1.4 Oil Plan-Apochromat). Identical acquisition parameters were used for all cells across all separate cultures within an experiment. For time-lapse imaging of GFP-DHHC5 or SEP-GluA1, a ROI along a primary dendrite of a transfected cell within 100 mm from the cell body was chosen and imaged before, and again after the 3 min of cLTP/cLTD at the indicated time points. Dendritic spines were defined as any protrusion between 0.5 and 10 mm in length emanating from the dendritic shaft within the proximal 100 mm from the cell body. Confocal images shown in the figures were subjected to a 1 pixel Gaussian blur. The levels and contrast of confocal images were moderately adjusted in Photoshop CS6 software (Adobe Systems, Inc.) using scientifically accepted procedures.
Fluorescence recovery after photobleaching. Dendritic spines within 100 mm of the cell body were imaged every 5 s for 5 min before and after photobleaching. Spines were identified using DsRed or PSD-95-RFP. A 1-mm circular ROI was photobleached within a spine head using the tornado function within Fluoview software (Olympus). The fluorescence of GFP-DHHC5 in the photobleached ROI was quantified over time using Fluoview software. The recovery of fluorescence intensity (R) was determined by normalizing the intensity at a specific time (F t ), using the formula: R ¼ (F t À F 0 )/(F i À F 0 ) where (F 0 ) represents the fluorescence at the time of photobleaching and (F i ) the fluorescence before bleaching.
Fluorescence recovery data was collected in Prism software (GraphPad), analysed and fit to a single exponential model, which generated plateau values for the mean R-value among each group of cells. Plateau values±s.e.m. were statistically compared in Prism software.
Image analysis and quantification. Confocal images for a particular experiment were subjectively thresholded using ImageJ software and the same threshold was used for all images obtained for a single experiment, throughout the experimental analysis. For live time-lapse imaging experiments, the same threshold was applied to the image acquired before stimulation and to all the images acquired afterwards at the indicated time points. Puncta were defined as a thresholded fluorescence cluster with an area between 0.05 and 3 mm 2 . Puncta area and IntDen (the product of area and mean grey value) were then determined using ImageJ. An Image J colocalization plugin was used to assess co-localization between different channels 12 (http://rsb.info.nih.gov/ij/plugins/colocalization.html). Points of co-localization were defined as regions of 44 pixels in size, with 450 intensity ratio between the two channels.
For analysis of GFP-DHHC5 fluorescence within spines, a circular ROI was drawn around identified spines and the IntDen measured before and after stimulation.
The IntDen of SEP-GluA1 puncta was determined in Image J. Only SEPfluorescent puncta that were present along dendrites before activity induction were considered for analysis.
For analysis of co-localization specifically within spines and dendrites, a mask was generated in Photoshop CS6 that outline fluorescence in spines and shafts. Using the paintbrush tool, the dendrite was manually highlighted, separating spines and dendrites, and enabling the generation of spine-only or dendrite-only masks. Specific masks were then applied to all channels to selectively analyse co-localization within spines or dendrites. Co-localization analysis was then done as described above.
To generate the spine contours shown in the images in Fig. 2e ,g in the absence of a cellular volume filler, we adhered to previously described experimental procedures 28, 33 . Briefly, a maximum intensity projection of the RFP-d-catenin fluorescence intensity at each of the given imaging time points was generated in ImageJ. A thresholded mask of cell's outline was then created using the ImageJ magic wand tool. At high magnification in Photoshop CS6 software, the contours generated by the ImageJ magic wand tool were traced using the Photoshop pencil tool and then overlaid onto the image panels in Fig. 2e,g. 
